The COPII coat complex mediates the formation of transport carriers at specialized sites of the endoplasmic reticulum (ERES). It consists of the Sar1p GTPase and the Sec23/24p and the Sec13/31p subcomplexes [1] [2] [3] . Both stimulate the GTPase activity of Sar1p [4] , which itself triggers coat disassembly. This built-in GAP activity makes the COPII complex in principle unstable and raises the question of how sufficient stability required for cargo capture and carrier formation is achieved. To address this, we analyzed COPII turnover at single ERES in living cells. The half times for Sar1p, Sec23p, and Sec24p turnover are 1.1, 3.7, and 3.9 s, respectively. Decreasing the amount of transportcompetent cargo in the endoplasmic reticulum accelerates turnover of the Sec23/24p and slows down that of Sar1p. A mathematical model of COPII membrane turnover that reproduces the experimental in vivo FRAP kinetics and is consistent with existing in vitro data predicts that Sec23/24p remains membrane associated even after GTP hydrolysis by Sar1p for a duration that is strongly increased by the presence of cargo. We conclude that secretory cargo retains the COPII complex on membranes, after Sar1p release has occurred, and prevents premature disassembly of COPII during cargo sorting and transport carrier formation.
The COPII coat complex mediates the formation of transport carriers at specialized sites of the endoplasmic reticulum (ERES). It consists of the Sar1p GTPase and the Sec23/24p and the Sec13/31p subcomplexes [1] [2] [3] . Both stimulate the GTPase activity of Sar1p [4] , which itself triggers coat disassembly. This built-in GAP activity makes the COPII complex in principle unstable and raises the question of how sufficient stability required for cargo capture and carrier formation is achieved. To address this, we analyzed COPII turnover at single ERES in living cells. The half times for Sar1p, Sec23p, and Sec24p turnover are 1.1, 3.7, and 3.9 s, respectively. Decreasing the amount of transportcompetent cargo in the endoplasmic reticulum accelerates turnover of the Sec23/24p and slows down that of Sar1p. A mathematical model of COPII membrane turnover that reproduces the experimental in vivo FRAP kinetics and is consistent with existing in vitro data predicts that Sec23/24p remains membrane associated even after GTP hydrolysis by Sar1p for a duration that is strongly increased by the presence of cargo. We conclude that secretory cargo retains the COPII complex on membranes, after Sar1p release has occurred, and prevents premature disassembly of COPII during cargo sorting and transport carrier formation.
Results and Discussion
Characterization of the YFP-tagged COPII subunits showed that they colocalize with endogenous Sec31p at ER exit sites (ERES), coimmunoprecipitate with endogenous Sar1p, and show no apparent effect on transport of the secretory marker ts-O45-G (see Figures S1-S3 in the Supplemental Data available with this article online). Expression of YFP-tagged Sar1p mutants that exist predominantly in the GDP (Sar1p [T39N] ) or GTP (Sar1p [H79G] ) bound forms drastically redistributed endogenous Sec31p ( Figure S1 ) and caused redistribution of Golgi enzymes to the ER (not shown) as has been described for the untagged proteins [5, 6] . This shows that GFP tagging does not interfere with the activity of Sar1p. FRAP experiments with these proteins at single ERES showed a very rapid recovery rate of less than 5 s ( Figure 1 and Table 1 ). This is considerably faster compared to recovery kinetics we and others have previously reported (recovery rates between 20 and 30 s, see [6, 7] ). One explanation for this could be that COPII subunits released from single ERES rapidly bind in subsequent recruitment rounds to the same site or to those in the immediate neighborhood rather than diffusing away and binding to more distant exit sites. Thus, the bleached fluorescent COPII subunits inside a large bleaching area, as has been used in the previous studies, will only slowly exchange with the unbleached proteins outside of this area. Therefore, we have chosen here the size of the bleached area in such a way that only one ERES was bleached at any time, allowing us to determine the turnover of COPII subunits at single ERES. As this complicated quantification of fluorescence recovery due to the fact that ERES undergo rapid short-range movements [7] , they were colabeled with CFP-Sec31p. Only the YFP-tagged subunit (Sar1p or Sec23/24p) was bleached while CFP-Sec31p was used as a reference. Fluorescence recovery was then analyzed and quantified as the ratio of YFP over CFP fluorescence. The recovery kinetics for Sar1p and Sec23/24p were different (Table 1 and Figure 1 ). The time required for half maximum recovery of the fluorescence (t 1/2 ) of YFP-Sar1p, YFP-Sec23p, and YFP-Sec24p was on average 1.1 6 0.1, 3.7 6 0.3, and 3.9 6 0.3 s, respectively. Changes in the expression levels of the YFP-tagged COPII subunits by up to a factor of three resulted in identical recovery times (data not shown). In agreement with biochemical data, which show that the GTP-restricted Sar1p (H79G) mutant inhibits uncoating and thus release of COPII from transport carriers [8] , the recovery of the YFPSar1p (H79G) was slowed down compared to wild-type YFP-Sar1p (Figure 1 ).
Membrane association of Sec23/24p has been demonstrated in vitro to be dependent on the presence of GTP-loaded Sar1p on membranes [8] . In analogy to COPI membrane turnover [8] , the possibility exists that a fraction of Sec23/24p, the GAP of Sar1p, could also turn over at ERES independent on the GTP state of Sar1p. If this was the case, the presence of a Sar1p mutant that only slowly hydrolyzes GTP (Sar1p [H79G] ) would cause a fraction of Sec23/24p turning over at ERES with drastically reduced kinetics, while the remaining, substantial, fraction of Sec23/24p would show FRAP kinetics similar to those in the absence of Sar1p [H79G] . The presence of recombinant Sar1p [H79G] drastically reduced the mobile fraction of YFP-Sar1p and YFP-Sec23p (see Figure 1G ; 53% 6 13% and 11% 6 8% mobile fraction for YFP-Sar1p and YFP-Sec23p, respectively) compared to control cells (94% 6 4% and 95% 6 3% mobile fraction for YFP-Sar1p and YFP-Sec23p, respectively). At the same time, the recovery kinetics of the mobile fractions for both proteins were also strongly reduced (Table 1) . Therefore, these data show that the majority, if not all, of Sec23p turns over at ERES strictly dependent on the GTP-loading state of Sar1p.
Next, we tested a possible regulation of the turnover of COPII subunits at ERES by cargo proteins. To this end, we treated cells with the protein synthesis inhibitor cycloheximide for 3 hr, which should reduce the availability of newly synthesized secretory cargo in the ER. As expected, under these conditions, protein synthesis and secretion of soluble factors to the culture supernatant were strongly reduced compared to mock-treated control cells ( Figures 1H and 1I ). Under these experimental conditions, COPII subunits were still capable of binding to ERES. However, the steady-state distribution of YFP-COPII subunits, determined as the ratio of total fluorescence associated with ERES to that not associated, increased for YFP-Sar1p and decreased for YFPSec23p by about a factor of two ( Table 1 ). The turnover of the YFP-COPII subunits was also changed compared to untreated control cells ( Figure 1 and Table 1 ). The halftime of recovery for YFP-Sec23p was reduced to 1.9 6 0.4 s while that of YFP-Sar1p was increased to 1.8 6 0.2 s ( Table 1) . As an alternative means to alter the levels of transport-competent cargo at ERES, the temperaturesensitive transmembrane protein ts-O45-G was coexpressed with the FP-COPII subunits. This protein remains arrested in the endoplasmic reticulum at 39.5ºC, as it cannot properly fold due to a point mutation [9] .
Upon shifting to the permissive temperature, 32ºC, ts-O45-G rapidly folds, becomes transport competent, and subsequently moves to the plasma membrane. Therefore, at 39.5ºC the ER should be loaded with a substantial fraction of transport-incompetent cargo that can be released in a synchronized fashion when shifting to 32ºC. As a consequence of ts-O45-G expression at 39.5ºC, secretion of soluble factors to the culture supernatant was reduced compared to untreated control cells similar to the treatment of cells with cycloheximide ( Fig (Table 1) . Little changes in COPII turnover were observed when shifting noninfected cells from 37ºC to 39.5ºC ( Table 1 ), indicating that the observed changes in COPII turnover in the presence of ts-O45-G at 39.5ºC are due to ts-O45-G accumulation in the ER and not to the temperature shift itself. Also, additional treatment of ts-O45-G-expressing cells at 39.5ºC with cycloheximide showed no further significant effect on COPII turnover compared to ts-O45-G-expressing cells examined in the absence of cycloheximide (not shown). Altogether, these data clearly show that altering the availability of transport-competent secretory cargo in the ER changes the turnover kinetics of COPII subunits. As cycloheximide treatment affects only newly synthesized secretory proteins and most likely not the levels of long-lived proteins cycling between the ER and Golgi complex via COPII-and COPI-coated transport carriers (e.g., SNARE proteins), our results may represent a significant underestimation of the effects cargo has on the membrane turnover of COPII. ARFGAP1 and coatomer levels on Golgi membranes have been shown to be modulated in response to changes in secretory (H and I) To assess protein secretion in Vero cells treated with cycloheximide (CHX) or expressing ts-O45-G at 39.5ºC, pulse chase experiments were performed as described in Supplemental Data. The amount of proteins secreted into the culture supernatant (I) or remaining in the cells (H) was determined relative to the amounts determined in respective untreated control cells (without CHX at 37ºC and not expressing ts-O45-G at 39.5ºC). Open and filled bars represent the time points 0 min and 60 min after the chase, respectively. The averages of three independent experiments 6standard deviation of the mean are shown. transport through the Golgi [10] . Together with our data here, this suggests that COPI and COPII membrane turnover may share regulatory mechanisms related to secretory cargo. Which step(s) in the COPII assembly/disassembly cycle at ERES is affected by the cargo in our experiments cannot directly be derived from our FRAP data, as the fluorescence recovery kinetics measured are the sum of the contributing single steps. In order to obtain insights into which step during COPII assembly/disassembly at ERES is affected by cargo, we formulated two alternative mathematical descriptions of the membrane turnover of COPII subunits at single ERES (Figure 2 ). These descriptions needed to be consistent with existing in vitro data on COPII and be able to reproduce our experimental FRAP data here. For both models (Figure 2) , we assumed that Sar1p is recruited to ERES in its GDP bound form (rates k and G in Figure 2 ). At this stage, inactive Sar1p-GDP is not capable of triggering membrane recruitment of Sec23/24p. A fraction of the membrane bound Sar1p-GDP is then assumed to become GTP loaded with rate n by the Sar1p-specific exchange factor Sec12p (see Figure 2 ; [11] ). As membrane recruitment of Sec23/24p and Sec13/31p occurs instantaneously after the availability of Sar1p-GTP in vitro [4] , assembly of the complete COPII complex was postulated to occur coincident with GTP exchange at rate n. In model 1, disassembly of the entire COPII complex from ERES is proposed to occur coincident with the GTP hydrolysis by Sar1p at rate g (Figure 2 , model 1). For model 2, Sec23/ 24p was assumed to remain transiently bound to membranes even after GTP hydrolysis and release of Sar1p. This takes into account the existence of COPII-coated vesicles devoid of Sar1p in the presence of GTP in vitro [1] and is consistent with recent in vitro work studying COPII interactions and stability on artificial liposomes [12, 13] . Formulating these two models in mathematical terms (see Experimental Procedures), we were able to analyze the reaction scheme numerically. We calculated FRAP curves, systematically varied the invoked parameters, and retained the kinetic parameter ranges, which resulted in recovery times and steady-state values that were consistent with the experimental data of Table 1 . Both model 1 and model 2 were able to reproduce our experimental FRAP data with similar efficiency (see Figure S4 ) for the respective parameter values, and their ranges are shown in Table 2 . The ratio C tot /S tot (abbreviated ''R'' in the following) of total cellular Sec23/24p to Sar1p would be predicted to be less than 1/40 in model 1. However, estimation of the cellular pools of Sec13p and Sar1p by Western blotting of cellular extracts and defined concentrations of the respective recombinant proteins suggested the ratio of Sec13p to Sar1p to be around 1/3 (see Supplemental Data). Assuming that Sec23/24p exists at the same cellular abundance as Sec13/31p, this additional constraint indicates that model 1 cannot yield a valid description of the observed COPII kinetics at ERES. In contrast, model 2 requires only R z 0.3 to reproduce our FRAP data in unperturbed cells (see Table 2 ), which is consistent with the experimental constraint of the ratio of Sec13p to Sar1p to be around 0.3. Therefore, we consider model 2 to be more likely to describe the in vivo behavior of COPII components at ERES than model 1. In further support of this, recent in vitro work with artificial liposomes and purified COPII components proposed mechanisms for COPII assembly/disassembly on membranes similar to our model 2 here [12, 13] . Model 2 predicts that cargo increases SAR1p-GDP binding to ERES (rate k) and slows down its release (rate G; see column -CHX/+CHX in Table 2 ). It further predicts that cargo increases the rate of GTP hydrolysis (rate g) by 60% and decreases the GTP in [B] ). As GTP exchange and Sec23/ 24p and Sec13/31p membrane recruitment have been shown to occur almost coincidently (see [4] ), we summarized these events into a single step occurring with rate n, which represents the rate of GTP exchange of Sar1p by Sec12p. (III) Finally, the disassembly of the COPII complex can follow two possible scenarios: GTP hydrolysis by Sar1p triggers the disassembly of the COPII complex followed by its dissociation from the ERES with rate g (model 1). Alternatively, GTP hydrolysis triggers the dissociation of Sar1p from membranes while Sec23/24p stays membrane attached (C* in [B] ) and detaches later with rate l (model 2).
exchange rate (u) by 15% (see Table 2 ). Consistent with this, a slightly increased Sar1p GTPase activity on cargoloaded artificial liposomes was observed compared to cargo-free liposomes in vitro, and a role for GTP hydrolysis by Sar1p in cargo sorting was suggested [14] . The latter hypothesis is also supported by the demonstration of a differential requirement for GTP hydrolysis by Sar1 in export of cargo from the ER [15] . A further prediction of model 2 is that the presence of cargo drastically increases the time Sec23/24p remains membrane associated after GTP hydrolysis by Sar1p (rate l) and its subsequent release from membranes (Table 2 ). This retention of COPII on membranes may be mediated by a direct interaction of Sec23/24p with cargo. Such direct COPII cargo interactions have been demonstrated in vitro in several systems [13, [16] [17] [18] . In contrast to our data here, earlier in vitro work, with purified liposomes and COPII components, has suggested an uncoupling of cargo and COPII vesicle formation [19] . It should be noted that high concentrations of COPII components have been used in this in vitro liposome assay. It is therefore possible that such high COPII concentrations may have overridden the native relationship to cargo and COPII as it exists in the living cell. In support of our findings here, a quantitative electron-microscopy-based approach noted already earlier a strong dependence of COPII vesicle formation in vivo on both membrane bound and soluble cargo [20] . Consistent with the predictions of our model 2 here, this earlier work suggested that cargo controls vesicle formation via a mechanism whereby transportable cargo is crucial to retain sufficient Sec23/ 24 on the bilayer for coat assembly to occur.
The COPII retention mechanism of model 2 shares considerable similarities with a recently proposed model for the COPI coat that is required for vesicle formation on Golgi membranes. It has been proposed that the membrane turnover of the GTPase ARF1 and coatomer are uncoupled and a to date unknown factor was postulated that regulates the release of coatomer after ARF1 has dissociated from membranes [21] .
In conclusion, we formulated a simple kinetic description of COPII membrane turnover that is consistent with in vitro data and can reproduce the experimental FRAP kinetics of COPII in vivo as described here. This suggests that secretory cargo stabilizes COPII after GTP hydrolysis and membrane release of SAR1p has occurred. This ''holding'' mechanism thus prevents a premature release of the COPII complex, which in this way provides sufficient time for efficient sorting of cargo into COPII vesicles.
Experimental Procedures
Materials, cell culture and microinjection, immunostaining, and immunoprecipitations are described in detail in the Supplemental Data.
Fluorescence Recovery after Photobleaching
Vero cells were imaged in carbonate-free imaging medium with an LSM510 confocal microscope (Zeiss) equipped with a 413 nm Kr and a 488 nm Ar laser. Images were acquired with a 633 PlanApochromat NA 1.4 DIC oil immersion objective at 37ºC with 413-514 nm line switching. In all experiments, a single ER exit site was bleached, representing approximately 0.1% of the total cell area. Bleaching of YFP was adjusted to obtain about 50% of the prebleach fluorescence intensity, at 100% laser power of the 514 nm laser line for 5 iterations. Subsequently, fluorescence recovery was observed, with 1% laser. Five prebleach images were taken. The data were treated to lowpass 3 3 3 filtering with the LSM510 software (Zeiss) to reduce image noise. CFP and YFP sequences were then exported as TIFF and the recovery data were subsequently loaded into a macro designed in Interactive Data Language (IDL 5.3, Research Systems Inc., Boulder, CO). The macro thresholds the images to eliminate background and divides the YFP by the CFP image. The recovery data were first corrected for bleaching, which was achieved by dividing the intensity of the bleached area by that of an unbleached area. Bleaching during the time course of recovery was typically between 2% and 10% over the entire recording of the recovery. When more bleaching was observed, the recovery sequence was discarded. Recovery data were then entered into Mathematica 3.0 (Wolfram Research) and fitted with the equation 1 below to determine the time for half-maximum fluorescence recovery (t 1/2 ).
Here, ''A'' represents the mobile fraction, ''B'' is the fluorescence directly after photobleaching (%), and l is the rate of fluorescence recovery from which t 1/2 is determined.
Quantification of the Steady-State Distributions of COPII Subunits
Images of living cells expressing YFP-tagged COPII subunits as they were taken before photobleaching were used to determine the ratio of total cellular fluorescence associated with ERES over that not associated with ERES. In the case of YFP-Sar1p, the labeling of reticular ER membranes was scored as not associated with ERES. The images to be quantified were loaded into ImageJ, and background fluorescence derived from an area outside the cells investigated was subtracted from the entire image. The respective structures of interest were then determined manually by the overlay features of ImageJ. Thereafter, their total fluorescence was determined. The The parameter space of the mathematical description that reproduced the experimental FRAP data and was consistent with the constraints was determined as described in Experimental Procedures. The range of the parameters still consistent with these constraints is given by the ''6'' values. ''6 0.000'' values indicate that the range is less than 0.0005. The ratio of the parameters obtained without and with cycloheximide treatment (2CHX/+CHX) is also shown.
total fluorescence associated with ERES was then divided by the total fluorescence not associated with ERES. These ratios did not appear to be dependent on the total amount of YFP-tagged COPII subunits expressed in those cells used for photobleaching experiments (not shown).
Mathematical Description of COPII Membrane Turnover and Simulation of FRAP Data
The mathematical description of COPII turnover at single ERES according to the two possible models depicted in Figure 2 was implemented as follows: S c and S* denote the particle numbers of the cytosolic and membrane bound versions of Sar1p(GDP), respectively, while C c represents the cytosolic pool of Sec23/24p and C m the full COPII complex on the ERES. For both models, the assembly of a full COPII complex (C m ) requires GTP exchange of Sar1p that occurs at the rate n. As GTP exchange and Sec23/24p and Sec13/31p membrane recruitment have been shown to occur almost coincidently (see [4] ), we summarized these events into a single step (see Figure 2) . Thus, the recruitment of COPII subunits is described by the kinetic scheme S c 4 Figure 2B ). For the subsequent dissociation process, we considered two possible scenarios: (1) Sar1p and Sec23/24p dissociate concomitantly from the membrane upon GTP hydrolysis C m / g C c + S c , or (2) Sar1p dissociates from the membrane upon GTP hydrolysis while Sec23/24p stays attached to the membrane (denoted by C*) and dissociates later, i.e.,
For model 1, we can invoke the conservation of the total protein pools, i.e., S tot = S c + S* + C m = const. and C tot = C c + C m = const. to define normalized particle numbers s = S Ã =S tot andc = C m =C tot , by which we can express the entire kinetics in two coupled ordinary differential equations:
Here, we have made use of the abbreviations R = C tot /S tot and u = nC tot . Since the fluorescence, i.e., the FRAP signal, is proportional to the particle numbers, the in silico FRAP curves are given by F sar ðtÞ =s + R,c and F sec ðtÞ =c, respectively.
For model 2, we employed the same approach by using the particle number conservations S tot = S c + S* + C m = const. and C tot = C* + C c + C m = const., which yields normalized particle numberss = S Ã =S tot , c = C m =C tot andb = C Ã =C tot . The evolution is hence given by the following differential equations:
Similar to scenario 1, we obtain from these equations the in silico FRAP curves as F sar ðtÞ =s + R,c and F sec ðtÞ =c +b, respectively.
In both cases, the steady-state solution of the equations (s 0 ;c 0 and s 0 ;c 0 ;b 0 , respectively) was calculated analytically, and in accordance with the experimental approach, 50% of these values were used as initial conditions for the recovery. The time course of the recovery was calculated by Euler forward differencing (time increment Dt = 1-10 ms). Fitting of the FRAP curves with equation 1 was performed with a Levenberg-Marquart algorithm [22] via STARPAC (see, e.g., http://www.scd.ucar.edu/softlib/STARPAC.html). In all cases, we checked the goodness of fit by inspecting the residuals.
The following constraints were imposed to determine the possible range of tuples (k, u, G, g, R) and (k, u, G, g, l, R), respectively: (a) t 1/2 (F sar ) and t 1/2 (F sec ) had to match the experimentally found ranges of recovery times for Sar1p and Sec23p with and without cycloheximide (CHX) (see Table 1 ); (b) the steady states had to match the range of experimentally found values ( Table 1) . Each of the parameters k, u, G, g, R (and l) was varied in the range [0.01,10] (logarithmic sampling with 30 steps inside the interval), and only those parameter tuples that obeyed the above constraints (a), (b) were retained. The ratio R of the total protein pools was initially a free parameter and was checked later on for consistency with the results obtained from immunoblottings, which fixed R to the range of 0.2 to 1. With this additional experimental constraint, model 1 could be excluded, as no parameter set with R > 0.05 was able to reproduce the experimental FRAP curves (2CHX) (see Table 2 ). In contrast, model 2 was capable of satisfying all constraints (6CHX) in the range R z 0.3.
Supplemental Data
Supplemental Data include four figures and Supplemental Experimental Procedures and can be found with this article online at http:// www.current-biology.com/cgi/content/full/16/2/173/DC1/.
